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Abstract  Π-conjugated organic molecules, such as oligothiophenes and acenes have been the subject of 
considerable interest owing to their semiconductor properties. To develop a higher performance of 
oligo-porphyrins, several modified types have been synthesized and its electronic properties are 
systematically investigated.  A new approach is directly to connect the neighbor porphyrin-rings (Fig. 1) [1].  
The fused porphyrin (P(n), where n is number of porphyrin ring) has a well-defined molecular size and high 
chemical stability.  Recently, it has found that P(n) derivatives have semiconducting properties.  However, 
the nature of the electronic states of P(n) is not clearly 
understood because of lack of theoretical works.  In this 
study, DFT calculation is applied to the ground and excited 
states of cationic P+(n) in order to shed light on the 
mechanism of hole transfer.   
 
Computational Method  Almost all of the present 
calculations were carried out at the DFT(B3LYP)/3-21G 
level of theory.  The oligo fused porphyrin (P(n) n = 1 - 12), 
was examined.  First, the initial geometries of neutral P(n) 
were made by MM2 calculation.  Using the optimized 
geometry of the MM2 calculation, these geometries of 
neutral and cationic P(n)s were optimized at the 
B3LYP/3-21G level of theory.  The excitation energies 
were calculated by means of time-dependent (TD) DFT 
calculations. Six excited states were solved in TD-DFT 
calculations.  Note that this level of theory gives reasonable 
features for several molecular device systems [2]. 
 
Results and Discussion 
A. Band structures of poly-fused porphyrins    
To elucidate the electronic structures of neutral poly-fused 
porphyrin (p-Por) in details, band structure and density of 
states (DOS) are calculated at the B3LYP/3-21G level of 
theory. This result is plotted in Fig. 2.  It is found that both 
of the highest occupied crystal orbital (HOCO) and the 
lowest unoccupied crystal orbital (LUCO) are placed at the 
edge of the Brillouin zone K (k=π/a) in the band structure. 
Consequently, p-Por has a direct band gap whose value is 
calculated to be 0.56 eV, respectively.  On the other hand, 
the band gap calculated by P(n) (n = 12) has 0.40 eV.  
 
B. Ionization energies of oligo-fused porphyrins   
The structures of P(n) are fully optimized at the B3LYP/3-21G level.  Using the optimized structures, 
vertical ionization energies, denoted by EIPver, are calculated, and the results are plotted as a function of n in 
Table I.  EIPver’s for n = 2, 4, 6, and 8 are calculated to be 5.85, 5.31, 5.07, and 4.92 eV, respectively, 
indicating that EIPver decreases gradually with increasing n.  Next, the structures are further optimized at 
cationic state, and adiabatic ionization energies, denoted by EIPad, are calculated.  The results are shown in 























Fig. 1  Illustration of (a) P(n) (n: number of 


















Fig. 2  Band structure and DOS of p-Por at 
neutral state calculated under the periodic 
boundary condition
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Table I.  EIPad’s for n = 2, 4, 6, and 8 are calculated to be 5.80, 5.27, 5.03, and 4.88 eV, respectively.  The 
differences between EIPver and EIPad for n = 2, 4, 6, and 8 are 46.1, 39.0, 36.8, and 36.5 meV, respectively. 
This result implies that the structural change of cationic state becomes smaller in longer P(n)s.  In this work, 
the hole transfer mechanism is discussed on the basis of Marcus theory .  
 
C. Excitation energies of neutral and cationic of oligo-fused porphyrins   A low-lying excited state 
correlates strongly with the electron conductivity in organic semiconductor. Hence, determination of the 
electronic structures at the excited states is important to elucidate the mechanism of electron and hole 
conductivities in P(n).  The first excitation energies of neutral and cation of P(n) are given in Fig. 3 together 
with oscillator strengths. At the neutral state, the first electronic transitions for n = 2, 4, 6, and 8 occur at 1.36, 
0.91, 0.71, and 0.59 eV, respectively.  The excitation energies decreased gradually with increasing ring 
number (n), and it reaches a limited value around n = 9.  The oscillator strengths are linearly increased.  
The coefficient of the main configuration φ(HOMO→LUMO) 
is calculated to be 0.520 (n = 8) at the first excited state, and 
those of the other configurations are negligibly small, 
indicating that the excitation band is assigned to be the 
HOMO-LUMO transition of neutral P(n). 
The radical cation has a significantly lower excitation 
energies.  The excitation energies for the first electronic 
transitions in n = 2, 4, 6, and 8 are calculated to be 1.25, 0.84, 
0.35, and 0.28 eV, respectively.   For n = 8, the band gap is 
only 0.3 eV, which is low in energy enough to thermal 
hopping of hole along the P(n).  Thus, it can be summarized 
that band structure of P(n) is significantly changed by doping 
of positive hole.  The new energy bands are appeared at very 
low energy region below 1.3 eV.  In particular, it is predicted 
theoretically that new energy band with a strong transition 
probability is generated at low energy region.  This is an 
origin of hole transport in oligo- and poly-fused porphyrin. 
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Fig. 3 (A) First excitation energies of 
neutral and cation of P(n) plotted as a 
function of porphyrins ring number, and 
(B) intensities of excitation (in arb.unit).
Table I.  Vertical (EIPver) and adiabatic (EIPad) ionization energies , relaxation energies (λ1 , λ2) ,and 
reorientation energies (λ) of P(n)s obtained by B3LYP/3-21G calculation. 
n EIPver (eV) EIPad (eV) λ1 (meV) ∗ λ2 (meV) ∗ λ (meV) ∗ 
2 5.847 5.801 46.1 48.2 94.3 
3 5.513 5.471 42.1 44.7 86.8 
4 5.310 5.271 39.0 40.3 79.3 
5 5.169 5.132 37.5 37.6 75.1 
6 5.066 5.029 36.8 36.5 73.3 
7 4.985 4.948 36.5 35.8 72.3 
8 4.920 4.883 36.5 35.3 71.8 
9 4.865 4.828 36.9 34.9 71.8 
10 4.818 4.781 37.0 34.7 71.7 
11 4.778 4.740 38.0 34.5 72.5 
12 4.742 4.703 39.0 34.0 73.0 
∗ λ1 : relaxation energy in cationic state (EIPver - EIPad), λ2 : relaxation energy in neutral state, λ = λ1 + λ2
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